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Study of structu re of muscle provides in-
formation on the location and arra ngement of var -
ious components and the changes whi ch may be in-
f li cted upon them. The structura l features of 
muscle have been descr ibed in detail down to the 
molecular leve l, but rega rding its use as a food, 
special interest centers on the connective tissue 
component and on myofibri llar proteins . Muscle 
comprises about 1/3 of the live weight of the 
a ni mal and is not static , but rather is subject 
to major changes in properties associated with 
growth, repair and se nescence. It is apparent 
that the nervous and hormona l systemsexert a 
stro ng influence on the properties of muscle and 
greut potential exists for regulation of muscle 
via control of these systems. Major advancement 
has been made in relati ng properties of meat to 
state of contraction, and current effort is cen-
tered on relating properties of meat to changes 
resulting from post -mortem degradatio n of muscle 
proteins. The microstructure of emulsions has 
been described with interest concentrated on the 
protein membrane surrounding the 1 ipid globules, 
but as of yet, utilizat i on of this information 
by the industry has not occurred. The challenge 
for the future is to utilize the enormous amount 
of structura l information known about muscle to 
improve its use as a food . 
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Introduction 
Knowledge of structure is an obvious pre -
requisite to succ essful study of or research on 
musc l e . It follows then that a l most a ny organ -
i zed considerat ion of musc l e has at l east one 
presentation deali ng with general structu ra l 
facto r s. This di scussion of meat mi crostructure 
is no except ion . The exception, howeve r, i s that 
we do not i ntend to repeat what can be fou nd in de-
tail in numerous textbooks and cou nt l ess reviews . 
Our objectiv e is to analyze what i s known a nd 
discuss how the i n fo rmation might be used to im-
prove the properties of fresh meat and its use as 
a processed product . 
Study of structure results in knowl edge 
about (1) location and arrangement of various 
compo nents and (2) changes in the l ocatio n and 
arrangement as a result of some procedure. While 
such descriptive information is relativel y easy 
to obtain , the key is to devise a means of uti-
1 i zing it to improve someth in g. Lewis ( 1 981) has 
discussed this and pointed out that morphological 
results should have app l ication and lead to con -
trol of manufacturi ng conditions. 
St ructu ra l Features 
Even though skeletal muscle by sheer vo l ume 
alone is the overwhel ming source of meat, the 
other types (cardiac a nd smooth) may be present 
in or incorporated into meat. Cardiac musc l e, 
for example, may influence co l or because of its 
relatively high content of cytochrome c (lozano 
and Cassens, 1984}. Structural features of the 
three types of muscle together with informatio n 
about protein composition, role of membrane com-
ponents , neuromuscular function, contraction, 
etc . , are readily available {Bourne, 1972; 
Cassens, 1984; Weiss a nd Greep, 1977). For our 
purpose here, ho\'Jever, only two figures will be 
used. Figure 1 is a diagrammatic cross - sect i on of 
skeletal muscle . Most apparent is the high l y or -
ganized connec t i ve tissue. An individ ual musc l e 
is encased within a l ayer of connective tissue 
known as the epimysium. The muscle is d ivi ded 
i nto segments or groups of musc l e fibers known as 
bundles by a leve l of organ i zation of connective 
tissue termed the perimysium . And , finally , each 
individual muscle fiber is surrounded by a th in 
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1 ayer of connective tissue known as the endo -
mysium . The connective tissue serves as a scaf-
fold to hold the muscle in pl ace and as a pathway 
for the circulatory and nervous systems to dis-
tribute themse l ves throughout the muscle, even -
tually making contact wi th each individua l cell . 
While the connective tissue does a marvelous jub 
of organiz i ng the muscle and keeping components 
in place, it also presents a formidab l e barrier 
to breaking up the musc l e or to selectivel y 
extracting specific components from it. Note 
should be made that intramuscular fat cells are 
also embedded in connective tissue (i.e. perimy-
sial planes) , and lipid also occurs intracel -
lular l y as a component of memb r anes or as drop-
lets of free l ipid. 
Figure 2 presents in diagrammatic form the 
spectrum of structure from whole muscle to the 
ultrastructural level. The "bellied" shape of 
the whole muscle is the simplest example and is 
termed fusiform. The muscle is composed of in-
dividual musc l e fibers which vary in size and 
appear striated when viewed with the 1 ight mi cro-
scope. They are multinuc l eate with the nuc l ei 
being placed in a subsarcolemmal or peripheral 
location. Each muscle fiber is fitted with a 
motor end plate giving it communication with the 
central nervous system which signals the fiber to 
contract . The sarcoplasm or non - structured por-
tion of the cell is composed primarily of soluble 
proteins (myoglobin and enzymes functioning in 
metabolism} and contains organelles such as mito-
chondria , and inclusions such as glycogen. The 
major components of the fibers are the subunits 
termed myofibrils. These are in register giving 
rise to the striated appearance and are, in fact, 
the actual contractile units of muscle . The myo-
fibrils are in turn composed of smaller subunits 
shown as thick and thin filaments . The sub-
structure of the filaments is known -- they are 
built up of protein mo l ecules which have been 
relatively well characterized. In brief, an 
enormous amount of detail is now known about 
structure of muscle. ~Je are , in fact, aware of 
structure to the molecular leve l . Therefore, new 
information appears slowly and most often is a 
refinement which allows further conclusion re-
garding the mechanisms of function. 
Biological Properties 
When muscle is considered as meat , the role 
of the l ive animal is all too often overlooked. 
It is well to recall that simple management prac -
tices (genetics, nutrition) can influence the 
amount and properties of muscle produced by the 
animal. From a biological viewpoint, the func-
tion of skeletal muscle is contraction which 
translates into movement of the animal and the 
associated adva ntages. Muscle comprises about 
l /3 of t he live weight of a typical meat animal 
and , t herefo r e , from the simp l e aspect of mass 
a l one , is an important metabo l ic component. 
Fina ll y , muscle gives shape to the anima l . I t is 
suggested t hat the serious student of muscle 
structure must devote some time to gross anatomy 
(see, for example, Getty , 1975; S01atland, 1984) 
' not only because of the above points but also because different muscles are used for very dif-
ferent functions and, therefore, have very dif -
ferent properties. For example, Kauffman and 
Safanie (1967) determined looseness of the fas -
cicular organization and found that it paral l eled 
fat content of the muscle. In high fat content 
muscles , the fascicular organization was d i sti nct 
and order l y with highly separated large fasci -
culi. 
Active Processes 
Muscle is not a static entity . It grows and 
matures and f i nal l y e nters a stage of sene scence . 
If damaged or injured, it may undergo some deg r ee 
of repair. This also is another area in which an 
enormous amount of information is available , and 
the meat technologist should have an awareness of 
the processes in order to better understand the 
tissue (meat) with which he or she works. 
Embryonic development of muscle occurs when 
mononucleated myoblasts fuse to form multi -
nucleated myotubes . These myotubes accumulate 
muscle - ce l l - specific proteins , show the charac -
teristic cross - banded pattern, are innervated and 
have contractile activity. At a given time , the 
number of myotubes is stabilized, they begin to 
grow, and the centrally placed nuclei migrate to 
the periphery of the cell. Most information 
indicates that the number of muscle fibers is 
essentially constant and that growth of the mus -
c l e occurs from then on by hypertrophy rather 
than by hyperplasia. Depending on the species 
and the muscle, the fiber also begins to differ-
entiate and display the characteristics of fiber 
type during fetal development. During early 
development of the animal, the fiber type propor-
tions change until an adult condition is approx-
imated (Suzuki and Cassens 1980, 1983). Aside 
from an increase in mass of muscle by hypertrophy , 
the other general change as the animal reaches 
adulthood is compositional in that the amount of 
fat increases. See Swatland (1984) for a com-
plete account of muscle fiber differentiation and 
growth and development of the animal . 
Special mention is made of the concept of 
fiber type and the reader is referred to several 
early reviews on the topic (Needham, 1926; Denny-
Brown, 1929; Cassens and Cooper, lg71) . The 
important point is that musc l e fibers are not 
homogeneous but differ greatly in properties. In 
the most general sense, these are red and white 
and the proportions present in a given musc l e are 
responsible not only for the gross appearance 
(i . e. red or white) of the muscle but also for 
its function. In mammalian muscle, both types 
are twitch but the white are physiologically 
faster than the red. The red are designed for 
more aerobic type metabolism having more myoglo-
bin, more lipid, and less glycogen thanthewhite. 
Aging is a progressive development in the 
muscle of living animals which is recognized 
first as a loss of strength and endurance. In 
humans and various laboratory animals, senile mus -
cular atrophy is well recognized and the degenera-
tive changes accompanying jt have been described 
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Fi gure 1: A di agrarrrna tic cross-section of mus c le 
which illustrates the arrangement of connective 














Figure 2: Oiagramnatic representation of the 
levels of organization in musc l e. (a) t he entire 
musc l e, (b) muscle fibers showi ng different sizes 
and innervati on , (c) sing le fiber showing myo fi-
brils and location of nuc lei and mitochondri a, 
(d) striation pattern of a myofibril, (e) a single 
sarcomere, and (f) the arrangement of thick and 
thin myofil aments (taken from Hux 1 ey, 1958) . 
(Caccia et al., 1979; Gutma nn, 1977; Ka l do r a nd 
DiBatt ista, 1978 ) . Littl e ha s been done with meat 
anima l s, but it is an area deserving of i nv est i ga -
t i on. 
Muscle may undergo regeneration fo l lowing in-
j ury {Mauro , 1979) and thi s is probably dependent 
on the presence of sa te l 1 ite cell nuclei. These 
nuclei are distinguished by their l ocation outside 
of the sarcolemma but within the basement membrane 
of the muscle fibe r {Lipton and Schultz, 1979). 
Potential Regulation Method s 
It is recognized that the nervous and hor -
mo na l systems exert a strong regul a tory influence 
on musc le and must be inti mately involved in the 
growth and senescence processes just disc ussed . 
It is further rec ognized that musc l e has the ab il-
ity to change or to adapt to its environment or to 
the demands placed on it by actua ll y cha ngi ng its 
properties . 
The work of Bu ller et a l. (1960) proved that 
the proper tie s of musc leareunder neural control. 
Their c l ass ica l cross -reinnervatio n stud ies demon -
strated that when nerves to red and white musc les 
are surgica ll y severed a nd reimplanted on the mus -
cle of opposite propert ie s , the properties o f the 
musc le change to those of the nerve. Other recent 
observatio ns have given evi de nce for the stro ng 
ro l e the thyroid hormones have in influencing the 
expressed properties of skeleta l muscle . Ianuzzo , 
et al. (1977) reported t hat thyroid hormone ca used 
3sTOw- twitch muscle to become more fast - twitch . 
Casse ns et a l. (1 983) have disc ussed how the 
above informatTorlcan be used t o re gulate proper-
ties of musc le to i mprove its utili zation as ei -
ther f re sh or proce ssed meat. The concept of us-
ing regu l ation in the 1 ive ani mal to produce mus -
cle with specific properties i s a n area deserving 
increased research effort. 
Past -mortem Factors 
The conversio n of muscle to meat occurs post-
mortem and the cha nges associated with rigor mor-
tis have been desc ribed (Bendall, 1973). From a 
structural viewpo int, most emphasis has been 
pl aced on describing changes in morphology asso -
ciated with rigor mortis . For example , Greaser 
et a l. (1969), published detailed work on sub-
CeYfUl ar fractions from norma l and pale , soft 
exudati ve porcine muscle prepared at various times 
post - mo rtem. Myofibril s from the PSE samp l es at 
24 hr post -mo rtem had mo re gra nul ar appea rin g fil -
ame nts and wider Z 1 ines than normal muscle . Sev-
era l ot her s tructura l differences were observed. 
A sig nifi ca nt finding ar ose from the observa -
t i on that the Z-1 ine was degraded in aging of some 
musc l e; the responsible enzyme kn own as CAF was 
iso l ated (Dayt on et al. , 1976) . 
At pre sent, COnSlderable emphasis is bei ng 
focused on t he so - called cyto s ke l eton of musc le . 
It is thought that the protein connectin , in some 
way, attaches A filamen t s of adjacent sarcome re s 
while the protein desm in plays a ro l e in trans -
verse linking at the level of the Z-line. The 
perti nent information as it affects properties of 
R. G. Cassens, et al. 
meat is reviewed by Locker (1982} in a complete 
account of his theory of tenderness based on gap 
fi 1 aments . 
It seems obvious, although there is no rele-
vant hard evidence to cite, that during post-
mortem change, permeability characteristics of 
the cells are drastically altered. This could be 
an important aspect for better understanding of 
conversion of muscle to meat and one where care -
ful morphological investigation could produce 
needed and useful information. 
Fresh Meat 
Early morphologica l investigations of fresh 
meat were 1 imited l argely to measurements of fi-
ber dimensions. This work was, for the most 
part, correlated with growth of the animal and 
1 ittle attention was paid to association with 
meat. However, as pointed out by Stanley and 
Swatland (1976}, variations in microstructure of 
muscle can cause rather large changes in rheolog-
ical properties. The goal of the morphologist 
working on fresh meat should be to identify such. 
The observation by Locker (1960} that contrac-
tion state of muscle affected tenderness ushered 
in a new era. Numerous investigations followed 
in which sarcomere length was shown to be asso-
ciated with tenderness of the meat. The objec -
tive of our present work is to describe in a more 
refined way this association especially as re-
lated to aging (see previous section}. 
Major reviews (Voyle. 197q, lqRl; Howgnte, 
1979) have been written which relate structural 
characteristics of muscle to its properties as 
food . Other than the already described struc-
tural changes occurring post-mortem and the asso-
ciation of contraction state with tenderness, it 
should be mentioned that surface texture is a 
reflection of the bundle arrangement. Color is 
due in part to the proportion of fiber types. 
Processing 
Another area of morphological study has been 
the description of the effect of various proc-
essing procedures on meat. Birkner and Auerbach 
(1960) reported that during heating, collagenous 
fibers swelled , shrank, and then disintegrated, 
and that fat translocated. Classical work on the 
morphology of muscle during freezing has been 
pub1 ished by Rapatz and Luyet (1959). They des-
cribed several ice patterns which occur in frozen 
muscle and cited evidence that the cell favors 
development of longitudinal spears rather than 
lateral growth of ice. 
Morphological study of processed meats has 
concentrated mainly on emulsion type products and 
two early papers are mentioned as being signifi -
cant. Hansen (1960) demonstrated that a protein 
membrane surrounded the lipid globules in meat 
ernul sions and Borchert et al . (1 967) used elec-
tron microscopy to conf..,.-y:-mthe Hansen finding and 
al so to reveal the extremely small lipid droplets 
present in meat emulsions (down to 0.1 ~m diam-
eter) . S i nee then, numerous papers have appeared 
which have attempted to relate this ernul sian 
structure to properties of the meat. Very recent-
ly, Kempton and Trupp {1983) have used a very re-
fined image analys i s system to study morphology in 
wiener batters. They found no relationship of any 
feature of microstructure to firmness of the prod-
uct. 
Two areas for study deserve comment. The 
first is compartmentalization. Structural (and 
histochemical) studies reveal where components 
(such as fat} are concentrated and located. The 
investigator should be constantly aware of this 
situation as it may influence the procedure for 
preparat i on of a meat product and also how it 
might inf l uence properties and storage 1 ife of the 
finished product. The second area of interest is 
interfaces {Cassens et al., 1979) in which 
polar and non-polar group$ dre aligned. These are 
present in muscle {where lipid of a fat cell con -
tacts the surrounding sarcoplasmic protein, for 
example} or may be found in processed meats (where 
1 ipid globules contact surrounding protein mem-
brane}, and they may influence chemical reactions. 
Specific Identifications 
One final aspect of morphology is identifica-
tion. The trained person may distinguish the dif-
ferent types of muscle in a product purely on the 
basis of structural characteristics. Similarly, 
components such as connective tissue, organs, 
glands or foreign bodies can be identified. 
Staining techniques such as for connective tissue 
or the mucopolysaccharides of salivary glands can 
be used to increase sensitivity and give very 
specific identification. Such identification pro-
cedures have the greatest application in regula-
tion and do lend themselves to semi-quantitation. 
European scientists have been especially active in 
this area of morphology ( Prandl, 1961). 
The rapidly emerging immunological methods 
offer great potential for specific identification. 
Species identification by immunology has been 
available for some years and enzyme-linked-immuno-
sorbent-assay {ELISA) procedures now offer pre-
cision and automation. 14hen antibodies are cou-
pled to markers, they can be used microscopically 
to relate presence to specific location. For ex -
ample, antibody to myosin heavy chains from red 
and white muscle may be used to distinguish fiber 
types (Carpenter ~ "]_ ., 1984). 
Conclusions 
An enormous amount of detail is known about 
the structure of muscle. f1ajor morphological ac-
complishments have been made regarding muscle as a 
food. These are (1) relating state of contraction 
to tenderness, (2) characterizing aging associated 
morphological changes with properties of the meat, 
and (3) description of the structure of meat 
"emulsions". Significant work is ongoing in the 
area of relating degradation of muscle proteins to 
properties of meat. The challenge to significant 
progress in the future is substantial but the re-
wards are 1 ikewise major . The era of description 
without utilization of the information is drawing 
to a close. The most likely opportunities lie in 
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regulat ing biological processes to produce custom 
made meat , in devising morpholog ical control pro-
cedures for manufacturing processes and in uti -
lizing the now available immunological procedures. 
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Discussion with Reviewers 
J. G. Sebranek: When one considers various 
equipment designs for meat comminution, claims 
are often made of improvement in partic le defini-
tion, better visual differentiation between fat 
and lean, etc., in one system vs. another. Is a 
microstructural difference 1 ikely to result from 
use of different types of equipment for relative-
l y coarse products 1 ike salami or summer sausage? 
Authors: We cannot visualize that there would be 
any microstructural difference in such large 
chunks unless a "cleaner" cut were actually made 
at the surface by sharper cutting edges . 
J. G. Sebranek : How important is the microstruc-
tural arrangement at the interfaces of sectioned 
and formed or restructured products for particle 
adhesion or bind i ng strength? 
Authors : Theno et al. (J . Food Sci. 1978, 43, 
493-498) showed thatin the emulsion-like area 
which binds pieces of meat together in these 
products, optimal binding was associated with a 
high degree of junction alignment. It should be 
noted that these interfaces in sectioned formed 
products are not the same as the interface be-
tween polar and non-polar groups as described in 
the body of our text. 
D. W. Stanley: Have the authors any thoughts on 
the relatively recent findings that attribute a 
major role in meat quality to the state of water. 
and has consideration been given to a possible 
role for a musc le ce ll cytoskeleton as a micro -
structural factor? 
Authors: Because of the l arge amount of water 
present in meat and because of its effect on 
physical properties due to hydration, etc ., we 
are not surprised that it pl ays a major role in 
determining meat quality . Work on the so - called 
cytoskeleton is progressing rapid l y now and as 
more is learned about the basic properties, then 
undoubtedly, further explanation will be forth -
coming regarding the cause of various meat qual-
ity attributes. Reference is made to the discus-
sion of gap filaments by Locker in this Food 
Microstructure volume. 
C. A. Voyle: Is it possible to monitor the ef-
fect of biological processes in producing "custom 
made meat" by analysis of biopsy samples? What 
parameters, in addition to fibre size, should be 
determined? Is there a preferred sampling site 
which would provide an index of the whole? 
O.F. Lewis: Do you envisage meat manufactu rers 
us1ng biopsy techniques on every cut of meat they 
process? 
Authors: The biopsy technique can be used to 
101l"'0Wchanges occurring in muscle of 1 ive ani -
mals over time but it is not without its prob-
lems. The surgical procedure may influence the 
animal and thereby subsequent results. Sampling 
site is a major problem. No one muscle reflects 
the properties of the total muscle mass of the 
nnimal. Also a given muscle may not be large 
enough to allow serial biopsies required to plot 
a change. Fiber typing, probably with the ATPase 
method, is in our opinion the best way to deter -
mine changes which occur in the muscle. 
H. J. Swatland: It has recently been suggested 
that the epimysium and perimysium are more or 
less mechanically independent of the endomysium . 
(Moore , M. J.,(1983). Muscle and Nerve ~ : 416-422) . 
~Jhat are the authors 1 opinions on this idea? 
Authors : We have no argument with this idea. We 
would point out a reference by Ramsey and Street 
(1940}.J. Cell . Camp. Physio l. }2:11-34) wherein 
single muscle fibers, the resting length tension 
relationship is essentially i dentica l whether the 
fiber is left intact or injured in such a way as 
to disrupt the contractile proteins but not the 
sarcolemma and remnants of remaining connective 
tissue. This would be proof that resting tension 
of the muscle fibers is not due to the contrac -
tile component but rather to the sarcolemma and 
remnants of remaining connective tissue . 
H. J . Swat land : Much of the early 1 iterature on 
the effect of cooking on meat structure was ob-
tained by the examination of paraffin embedded 
sections which sometimes introduced drastic 
changes to the microstructure, such as the shrink-
ing of fibers during hot-wax embedding. Are the 
classical descriptions of Birkner and Auerbach 
(1960) compatible with results obtained by the 
more recent methods of EM fixation and frozen 
sectioning? 
Authors : The early work on changes in fiber size 
CilietOheating, must be viewed with some question 
for the reason you suggest. The observations on 
changes in connective tissue are in our opinion 
still correct . Careful use of frozen sections 
reveals much more information reflective of the 
in vivo state and electron microscopy, obviously , 
gives much more structural detail. 
D. F. lewis: You indicate that there is a vast 
amount of knowl edge available on the structure of 
muscle and imply that the responsibility for 
applying this knowledge 1 ies with the meat tech-
nologist. To what extent do you think the micro-
scopist should act as a bridge between the animal 
scient i st and the meat techno l ogist? 
Structura l Properties of Meat 
Can you suggest how a meat technologist mi-
ght modify his processes to cope with: 
i) f~eat with a high red f i bre content? 
ii) Meat with a high white fibre con -
tent? 
iii) Meat from an an imal in which a sta-
te of muscu l ar senile atrophy has 
developed? 
iv) Meat from an animal which has re-
covered from muscle in jur ie s? 
Authors: The microscopist can be most effective 
1f he 1s aware of the influence the live anima l 
exerts on the samp l e of musc le to be examined and 
if he maintains an awareness of the biochemistry 
of muscle. We believe progress is much easier 
with a n integrated approach . 
D. F. lewis: At tempts to prove a concrete link 
between fibre t ype and meat behav i our on process -
ing have been largely inconclusive. How would 
you suggest that such a link could be established? 
Authors: Sa i r et a l. ( J . Food Sci. 1972, 37 , 
659- 663) demonstrated that muscle from stress -
susceptible pigs have large numbers of interme-
diate and white fibers compared to normal animals. 
It is well reco gnized that the PSE (pale, soft , 
exudative) muscle from the stress -susceptible 
animals is undesira ble for manufacture into hams 
or processed meats. 
D. F. lewis: \4hat effect does growth by hyper -
trophy rather than hyperplasia have on meat per-
formance? Is it a lterable ·~ 
Authors: See answer above -- musc le from stress-
susceptible animals generally has hypertrophied 
fibers. 
D. F. lewis: Does the fact that nuclei mi grate 
from the centre to the edge of the cell during 
embryonic developme nt of muscle hold any practi-
cal s i gnificance to the behavio r of meat on proc -
essing? 
Authors : None that we know of at this t i me. 
D. F. lewis: Could you gi ve practical details of 
your myosin antibody technique including avail-
ability of materials a nd applicability to proc-
essed meats? 
Authors : The method is published in complete de-
tail in the Proceedings of the 30th European 
Meeting of Meat Research Workers, Bristol, U.K. 
(see Carpenter et al., 1984) . With proper specimen 
fixation and appropriate antibody labelling, we 
see no reason why myosin heavy cha in could not be 
immunohistochemically localized at the light or 
electron microscope l evel in a processed meat 
product. 
D. F. lewis: It is possible that change s in the 
permea b11ity of the cell membrane will affect 
dist ributi on of salts in mea t. Can you suggest 
ways in which the membrane permeabi1 ity changes 
may be controlled? Which do you think has the 
greater effect of salt distribution - - the state 
of the connective tissue or the cell membranes? 
Authors: ~le cannot suggest means to control mem -
brane permeability . Several years ago we noticed 
during work on staining of myoglobin in skeletal 
muscle that if fixation did not occur immedi a tely 
post - mortem , the differential l oca li zation of 
myoglobin in red and white fibers was l ost. We 
interpreted this as meaning that cell permeabil-
ity changed rapidly a llowin g the so luble myog l obi n 
to diffuse. If this is in fact the case, then the 
connective tissue may present a more effective 
barrier to diffusion of salt than does the cell 
membrane. 
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